A method for a controlled change of the doping level of high-temperature superconductors with ultraviolet radiation is presented. With photoemission it is shown that the exposure of Bi 2 Sr 2 CaCu 2 O 8ϩ␦ samples to the light of a He gas-discharge lamp causes oxygen desorption. From measurements of the Fermi surface, it is found that the oxygen desorption causes a decrease of the doping level of the superconductors. From the desorption cross sections that strongly depend on the photon energy, two different oxygen desorption channels are inferred. This procedure for decreasing the doping level has the advantage that the crystallinity of the sample is not altered and that the doping level can be simultaneously measured by photoelectron spectroscopy. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03713-4͔
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Applications of high-temperature superconductors critically depend on the quality of these materials. Today it is state of the art to produce homogeneous single-crystal samples at various doping levels, i.e., with various superconducting transition temperatures T c . However, it may be important to produce well-defined lateral structures between superconducting, and nonsuperconducting zones or regions with a gradual T c on one thin cuprate layer. It is, therefore, essential to develop tools for the tayloring of such structures. For example, it is reported that Josephson junctions on YBa 2 Cu 2 O 7Ϫ␦ can be fabricated by electron-beam writing. 1 Or, that YBa 2 Cu 2 O 7Ϫ␦ films are patterned by a procedure based on a local increase of the oxygen diffusion velocity that is increased by the heat of a focused laser beam. 2 Here, we suggest that such structures could be fabricated by the exposure of high-temperature superconductors to ultraviolet ͑UV͒ radiation.
This letter describes a controlled reduction of the oxygen content within the surface region of single-crystalline Bi 2 Sr 2 CaCu 2 O 8ϩ␦ ͑Bi2212͒ by UV radiation. The process works at room temperature and maintains the crystallinity of the sample. In Bi-type cuprates oxygen loss is equivalent to a reduction of the hole concentration and, thus, to a change of T c . 3, 4 A further advantage of using UV radiation to change the doping level is that the sample modifications can be simultaneously measured by ultraviolet photoelectron spectroscopy ͑UPS͒ that uses the same UV radiation which is applied for the doping level modification.
The experiments were performed in a VG ESCALAB 220 photoelectron spectrometer. It is equipped with a custom-made two-axis sample goniometer which allows computer-controlled angle-resolved photoemission measurements. 5 The high-intensity UV radiation is produced in a Gammadata helium electron cyclotron resonance ͑ECR͒ plasma lamp. The line spectrum of the lamp is monochromatized by a toroidal grating. The monochromator has been used in three different settings: zeroth-order, first-order He I␣ ͑21.2 eV photon energy͒, and first-order He II␣ ͑40. 8 Fig. 1͑a͒ . In order to compare the data from two different sample surfaces, the two spectra are scaled to the same intensity at 500 meV binding energy. The spectral weight of normal emission from the Fermi level is below 2% of the maximum intensity in the valence band and about 20% compared to a location on the Fermi surface. The normal emission from the Fermi level stems from indirect transitions since it probes no Fermi surface location; nevertheless it is a mean for the quantification Fig. 1͑a͔͒ . Upon annealing the sample to 450 K the loss of spectral weight partially recovers. Further experiments showed that the loss rate of spectral weight at the Fermi level is proportional to the UV light flux.
The behavior described above suggests that the chargecarrier concentration of the Bi2212 sample can be decreased by UV radiation. This effect is different from an aging effect reported by Ding et al. 8 They observed an underdoped sample become more doped during their experiments at low temperature. Our effect is induced by UV radiation at 300 K and is observed on initially optimally doped samples that are stable under UHV conditions. 7 In Bi2212 a reduction of the charge-carrier concentration can be realized by a reduction of the oxygen concentration. In order to corroborate the hypothesis that the UV light reduces the oxygen content, an oxygen spectral feature has been recorded as a function of UV light exposure. O2p related features in the valence band ͑VB͒ have been identified using photoemission cross-section ratios between UV and x-ray energies. The cross-section ratio ͓O2p(He II)͔:͓O2p(Al K␣)͔ is 2.8ϫ10 4 and more than one order of magnitude larger than the corresponding ratios for all other components in the valence band. Thus, oxygen features should be visible in He II VB spectra and should be suppressed in Al K␣ excited VB spectra. Figures 2͑a͒ and  2͑b͒ show VB spectra of optimally doped Bi2212 measured with He II and Al K␣, respectively. The He II spectrum has been convoluted with a Gaussian with 500 meV full width at half maximum ͑FWHM͒ in order to have the same energy resolution in both spectra. In the He II spectrum two peaks at 3.5 eV ͑peak A͒ and at 6 eV ͑peak B͒ binding energy are observed. Peak B has high intensity in the He II spectrum but is absent in the Al K␣ measurement. From this and the O2 p cross-section ratio, one can conjecture that peak B is mainly related to O2p states. Peak A served for normalization purposes. Figure 2͑c͒ shows the peak intensity ratio between peaks B and A as a function of He II exposure time. The decrease of this ratio evidences that the oxygen content is reduced due to the UV radiation. From the decrease of the B:A ratio by about 15% it cannot be concluded that the oxygen content decreases by this amount since, e.g., not all oxygen atoms in the Bi2212 structure have to contribute to peak B.
The measurements of spectra near E F ͑Fig. 1͒ revealed that UV radiation reduces the charge-carrier concentration. This must be reflected in the Fermi surface ͑FS͒ that is shrinking upon underdoping the Bi2212 samples. [7] [8] [9] [10] [11] This issue is depicted in Fig. 3͑a͒ where a schematic drawing of the situation in k space is shown. The FS consists of barrels ͑here, approximated by regular octagons͒ centered at the ͑, ͒ points in reciprocal space. The FS volume is, in our case, equal to the grey area of one FS barrel around ͑, ͒. The FS intersection angle ⌬ ͓see Fig. 3͑a͔͒ is a measure for the FS volume.
To investigate the influence of UV radiation on the FS volume, an optimally doped Bi2212 sample has been exposed to He I radiation and ⌬ has been simultaneously monitored. For each azimuthal step at the polar emission angle of 39°off normal, the total photoelectron intensity centered at E F has been measured with an energy resolution of 100 meV FWHM. High photoelectron intensity in this analyzer setting is equivalent to photoemission from the Fermi surface. 7, 12 The result of such a multiple azimuthal scan with a continuously increasing He I exposure is shown in Fig. 3͑b͒ . Each peak corresponds to photoemission from the FS and the FS intersection angles ⌬ can be determined. The decrease of the photoelectron intensity is explained by the reduction of the intensity at E F due to the UV radiation ͓see Fig. 1͑b͔͒ . The periodic intensity dip is attributed to an inhomogeneity of this specific cleaved surface. Figure 3͑c͒ shows the behavior of the FS intersection angle ⌬ as a function of the He I exposure. Each data point is the average of the four ⌬ values obtained from a 360°azi-muthal scan. At low exposure, ⌬ 0 corresponds to the value previously found for optimally doped Bi2212. 7 According to what one expects for a reduced hole concentration, ⌬ increases ͑i.e., the FS is shrinking͒ with increasing UV exposure. The solid line in Fig. 3͑c͒ corresponds to the first-order kinetics of the form ⌬ϭ⌬ ϱ Ϫ(⌬ ϱ Ϫ⌬ 0 )e Ϫt/ , where 1/ is the shrinking rate, ⌬ 0 the initial intersection angle, and ⌬ ϱ the saturation value. It is remarkable that ⌬ ϱ (31°Ϯ2°) coincides with the ⌬ value found for a strongly underdoped Pr-Bi2212 sample (T c ϭ30 K, hole concentration x ϭ0.07). This suggests again that the excess ͑doping͒ oxygen that renders the material conducting is removed from the Bi 2 Sr 2 CaCu 2 O 8ϩ␦ structure. Apparently, the photodesorption of nondoping oxygen is not efficient. We would like to emphasize that even after a high UV exposure, dispersion is clearly visible ͓see Fig. 3͑b͔͒ . This indicates that the crystallinity of Bi2212 single crystals is not destroyed due to the UV radiation. The spectral features near the Fermi level are most sensitive to the doping, and thus to the oxygen content of the sample. The increase of ⌬ by 8°corresponds to a decrease in oxygen content of about 2%. Therefore, relative variations in the oxygen content of 0.2% in the surface region can readily be measured. Now the photon energy dependence of the UV-doping cross sections will be briefly discussed. For this, optimally doped Bi2212 samples have been exposed in succession to zeroth-order He radiation, monochromatized He II, and monochromatized He I radiation, and the intensity at E F for normal photoelectron emission has been determined. 13 This intensity decreases with UV exposure ͑see Fig. 1͒ , as does the oxygen content ͑see Fig. 2͒ , and as the Fermi surface shrinks ͑see Fig. 3͒ . The shrinking rate 1/ equals , where is the photon flux and the desorption cross section. The desorption cross-sections He I and He II are thus determined from the rate measurements and the corresponding photon fluxes. We find desorption cross sections of 188Ϯ53 kb for He II and 23Ϯ6 kb for He I radiation (1 bϭ10 Ϫ24 cm 2 ). The relatively large error bars result from the uncertainties in the photoionization cross-section values of Cairns and Samson, 14 which are used to quantify the photon fluxes . Note that the shrinking rates of the data in Figs. 2 and 3 are consistent with these desorption cross sections.
Finally, we would like to discuss a model for the UVdoping process that comprises the light-induced oxygen desorption from the near-surface region of Bi2212. The surface of Bi2212 is terminated by a Bi-O layer. 15 Therefore, only oxygen originating from the Bi-O surface layer can directly leave the crystal by photodesorption. The UV-doping process is thus expected to be limited to the near-surface region even if, after a ͑partial͒ oxygen depletion of the surface layer, oxygen diffusion from deeper charge reservoir planes to the surface is possible.
The details of the photodesorption process are not clear at the moment. The process has, however, included an electronic excitation that leads to acceleration and possible desorption of oxygen atoms. 16 -like sites to desorption. However, the experimental finding that the UV-doping process is much more efficient using He II radiation indicates more than one desorption mechanism. From the photodesorption cross sections of He II ͑188 kb͒ and He I radiation ͑23 kb͒, we conjecture that not only O2 p photoexcitation, where the photoemission cross sections are 6.8 and 10.7 Mb, respectively, leads to desorption. In fact, we speculate that the photoexcitation of O2s levels that are reached by He II radiation ( photo ϭ834 kb) opens a very efficient desorption channel that produces neutral oxygen atoms via a process like O2s 2 2p 6 ϩប →O2s 1 -like ions. These neutrals are expected to be accelerated more effectively away from the surface than the ions. Clearly, experiments with tunable UV radiation could shed more light on the details of the photodesorption process of oxygen from ceramic materials.
In summary we have shown that it is possible to change, continuously the doping level within the surface region of Bi2212 by UV radiation. The UV-doping technique has the advantage that sample modifications can be simultaneously monitored using photoelectron spectroscopy. Furthermore, we have shown that the technique does not destroy the crystallinity of the samples. Using thin films, this technique could be applied to the fabrication of microelectronic devices built from high-temperature superconductors.
